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Open access under CC BYThe electronic, magnetic and elastic properties of GdN in its three possible crystal structures: rock salt
(RS), cesium chloride (CsCl), and zinc blende (ZB) are calculated using the ab-initio local spin density
(LSDA) and the generalized gradient (GGA) approximations within the frame work of the density func-
tional theory (DFT). We have performed our calculation at ambient (P = 0 GPa) and higher hydrostatic
pressures; in order to study the effect of pressure on the physical properties and to predict possible pres-
sure-induced crystallographic phase transitions. Three such transitions are predicted at 9.4, 113, and
23 GPa in the GGA approximation. Both LSDA and GGA calculations predicted that the ZB structure is
half-metal and that the CsCl structure is metallic at ambient pressure.
 2011 Elsevier B.V. Open access under CC BY-NC-ND license. Introduction
The rare-earth nitrides (RENs) are interesting systems to study,
from the fundamental and practical perspectives. Their importance
in the ﬁeld of spintronics, for instance, is well known [1,2]. Many
experimental and theoretical studies were devoted to the elec-
tronic, magnetic, and structural properties of RENs. For example,
compounds from TbN to HoN were reported to be insulators, but
those from CeN to GdN were described to be half-metals or at
the verge of half-metallicity, e.g., GdN [3–5]. There have been con-
ﬂicting reports on the electronic structure of GdN. In particular, its
insulating behavior has been reported by the experimental work of
Xiao et al. [3], and by using augmented plane wave calculations [4].
Other research groups have, however, reported on its half-metallic
character [5,6]. The gap in one spin direction was reported to be
0.082 Ry [5], which is almost twice the gap of 0.5–0.6 eV calculated
by Duan et al. [6], using LSDA and LSDA+U schemes. The semi-
metallic and -conducting characters have been attributed to GdN
as well. For example, Kaldis et al. [7] and Wachter et al. [8] sug-
gested GdN to exhibit a semi-conducting behavior. From X-ray
spectroscopy data, Preston [9] described GdN as a semiconductor
with a ferromagnetic ground state. Other studies pointed at its
semi-metallic character [10–14]. The calculation performed in
Refs. [11–14] was in the LDA approximation. Finally, fairly recent
studies by Larson et al. [15] and Antonov et al. [16], using the
LDA approximation as well indicated that GdN is a metal lacking
any energy gap in its electronic structure.abara), sherif542002@yahoo.
-NC-ND license. So far we were concerned with citing the literature pertinent to
the electronic structure of GdN, and it is clear that there has been
no consensus on its electronic structure. As for the type of mag-
netic-order and -properties of GdN, many have reported on its fer-
romagnetic order with a curie temperature of only 58 K [8,17–19].
Some authors have found a change from insulating to metallic
behavior at Tc = 58 K [18]. Others reported on its semi-conducting
behavior in both the paramagnetic and ferromagnetic states [20].
A study by Ludbrook [21] showed that GdN was ferromagnetic be-
low 70 K with a saturation moment of 7 lB/ion.
The pressure-induced structural phase transitions in GdN have
attracted the interest of several research groups. For example, Sri-
vastava et al. [22] using the tight-binding linear mufﬁn tin orbital
(TB-LMTO) method within the local density approximation pre-
dicted a phase transition in GdN from NaCl structure to CsCl struc-
ture at 30.4 GPa with V/Vo = 0.845 for NaCl and 0.696 for CsCl.
Abdelouahed et al. [23] found two structural phase transitions in
GdN: from rock salt to zinc blende at a pressure of -8.09 GPa and
from half-metallic rock salt to wurtizite structure at 19 GPa. Chan-
tis et al. [24] made self-consistent GW calculations going beyond
these approximations, predicted a half-metallic character with an
energy gap of 0.98 eV in GdN, with a total moment of 7 lB.
In this study, we present ﬁrst-principles calculations; using the
well known electronic structure code FPLO.09, of the electronic,
magnetic and elastic properties, and possible pressure-induced
crystallographic phase transitions in GdN. Our calculations were
done using the LSDA and GGA schemes, with the 4f shell consid-
ered as a semi-core shell. The ﬁrst purpose of our study is to inves-
tigate the relative stability of the three known crystallographic
phase of GdN, namely: the RS, ZB, and CsCl structures. We have
used the geometric optimization method, i.e., doing self-consistent
Table 1
The space groups and the atomic positions in the three phases of GdN.
Phase Space group Gd-position N-position
RS #225 000 ½½½
ZB #216 000 1=4 1=4 1=4
CsCl #221 000 ½½½
Fig. 2. (a) The pressure vs. unit cell volume for GdN. Pressure-induced phase
transitions are shown between ZB and RS and between RS and CsCl phases. (b) The
pressure vs. unit cell volume relationship showing the phase transition from ZB to
CsCl phase at P = 23 GPa.
Fig. 1. The total energy dependence on the unit cell volume using the GGA
approximation for non-magnetic (NM) and magnetic (M) states.
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different crystal structures; in order to ﬁnd out the most energet-
ically-favorable phase. The most stable structure we found is the
magnetic RS structure. A second aim of this work is to check the
metallicity status of each phase, in particular to investigate the
presence of half-metallicity by calculating the electronic structure
in both spin directions. Our motive for such an investigation was
the diverse conclusions reported in the literature regarding this
property as we have already pointed out. We have found out that
only the ZB structure exhibits half-metallicity, whether the
approximation used is the LSDA or the GGA, in contrast to the RS
and CsCl structures which behave differently. Another important
aim of this work is studying the effect that a hydrostatic pressure
may have on the magnetic moment, energy gap and stability of
the three crystal structures of GdN. We have predicted a strong
pressure dependence of the total magnetic moment of the three
phases and energy gap of the RS structure. In addition, three possi-
ble phase transitions are found namely from ZB to RS, RS to CsCl,
and ZB to CsCl.
Our paper is organized, after this necessary introduction as fol-
lows: we present the computation method used throughout this
work in ‘‘Theory and computation’’ section. The method is based
on the well known DFT theory. In ‘‘Results and discussion’’ section,
we present our results and discuss them in the light of available
theoretical and experimental literature on this important com-
pound. Finally, we present our main conclusions in ‘‘Conclusions’’
section with an emphasis on the novelty of some of the results
we report on.
Theory and computation
Our calculation is a ﬁrst-principles study of GdN compound in
the RS, ZB, and CsCl structures, within the framework of density
functional theory. The equilibrium lattice constant, magnetic
moment, energy gap, phase transition pressure, bulk modulus
and its pressure derivative are calculated by the full-potentialnonorthogonal local-orbital minimum basis method (FPLO)
[25,26] using both LSDA [27] and GGA [28] approximations. The
bulk modulus and its pressure derivative have been computed
using the Murnghan equation of state [29]. We have used the same
set of parameters in our computation to ensure unbiased compar-
ison between the results obtained from LSDA and GGA approxima-
tions. The magnetic properties of rare earth compounds are
determined from the highly localized 4f-states while the other
electronic properties are determined by the itinerant s-d electrons
[30]. We have treated the f-shell as semi-core state. The calculation
parameters are: the k-mesh subdivision: 24  24  24, the accura-
cies of the density and total energy are 106 and 108 Hartree,
respectively. The space groups and the positions of atoms in the
three phases are tabulated in Table 1. The spin and charge density
maps were done using the WIEN2K code [31].Results and discussion
Our geometric-optimization study of the total energy depen-
dence on the unit cell volume, using GGA approximation is shown
in Fig. 1, for the magnetic and nonmagnetic states of the three crys-
tal structures: RS, CsCl, and ZB. It is evident from Fig. 1, that the
most stable of the three phases is the magnetic RS phase and that
the magnetic phases are more stable than the corresponding
nonmagnetic ones. It is also evident that there are three predicted
pressure-induced phase transitions in the magnetic case whereas a
single phase transition is predicted from nonmagnetic RS to
nonmagnetic CsCl.
The three phase transitions, as predicted by the GGA calcula-
tions, are shown in Fig. 2a and b, in which the pressure dependence
of the cell volume is displayed. The transitions are:
Table 2
Pressure-induced phase transition in GdN using the LSDA and GGA approximations.
Approximation Pt (ZB? RS)
(GPa)
Pt (RS? CsCl)
(GPa)
Pt (ZB? CsCl)
(GPa)
GGA 9.4 113 23
LSDA 12 93 15
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Fig. 4. The enthalpy vs. the pressure using LSDA approximation.
-4.9424
-4.9423
-4.9422
-4.9421
-4.942
-4.9419
-30 0 30 60 90 120 150
P (GPa)
En
th
al
py
 (J
*1
0^
-14
)
CsCl
RS
ZB
Fig. 3. The enthalpy vs. the pressure using the GGA approximation, for the three
crystal structures.
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30 GPa reported by Srivastava et al. [22] who used the tight-bind-
ing linear mufﬁn tin orbital (TB-LMTO) method within the LDA
scheme. We think that our results of the transition pressure (93
and 113 GPa) using two different schemes are consistent. NoFig. 5. The volume dependence of the total magnetic momencomparison with experimental data is possible at the present time,
so all we can say is that the varying results may be method-
dependent.
(b) from ZB to CsCl at P = 23 GPa.
(c) a negative pressure of about 9.4 GPa, indicating a ZB to RS
transition in good agreement with 8.09 GPa reported by Abde-
louahed et al. [23]. The negative pressure means that we have to
expand the RS lattice to obtain the ZB structure.
These pressures are conﬁrmed by calculating the enthalpy
dependence on the pressure (Fig. 3). A phase transition is possible
when the enthalpies of two crystal structures are equal. The pres-
sure at which the two enthalpies are the same is the transition
pressure. For example, the pressure-enthalpy curves of the CsCl
and RS crystal structures (Fig. 3) intersect at a pressure of
113GPa, at which the enthalpies of these two different crystal
structures are equal.
It may be mentioned, here, that no experimental data for the RS
to CsCl phase transition is available and that in several RENs and
other systems, the pressure at which a possible phase transition
is predicted depends on the method of calculation and, in certain
cases, experiments do not support the reported calculation. For
example, in TbN transition pressure of 136 and 107 GPa have been
reported by Rukmangad et al. [32] and Lawrence et al. [33], while
no phase transition was reported by experiment [34]. We have
performed a similar calculation using the LSDA approximation
which predicts the same three transitions but at different pres-
sures. The enthalpy vs. pressure for the LSDA case is plotted in
Fig. 4. Table 2 tabulates the transition pressures in these two
approximations. It is noticed that the transition pressures using
the GGA approximation are higher than those predicted using
the LSDA approximation.
We have calculated the partial and total magnetic moments of
GdN in the NaCl, CsCl, and ZB structures for different V/V0 ratios
in the range 0.2–1. The equilibrium volume V0, used in our calcula-
tion is the experimental one for NaCl. For the other two structures,
we used the theoretical values from our ab initio results. In the
three structures, the N moment is small and negative, i.e., most
of the moment is due to the spin magnetic moment of Gd. It is
noticed that in both of NaCl and CsCl structures the Gd and total
moments are reduced upon decreasing the volume. This trend is
observed for the Gd moment in the ZB-structure, however, the
total magnetic moment seems robust against compression down
to V/V0 = 0.6. Furthermore, only in the ZB-structure, does GdN carry
an integer moment of 7lB/F.u. Our results are in fair agreement
with the work of Aerts et al. [5] and Srivastava et al. [22] in case
of NaCl and CsCl (no ZB was included) and with Abdelouahed et
al. [23].t for the three structures using the GGA approximation.
Fig. 6. The pressure dependence of the total magnetic moment for the RS structure
using the GGA approximation.
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in the three structures, using the GGA approximation. For volumes
P25 Å3, the magnetic moment becomes volume independent. The
ZB structure moment is less than those of CsCl and RS structures in
5–15 Å3 range.
We have studied the pressure dependence of the partial and
total moments in the three structures of GdN. Fig. 6 shows such
a dependence of the total moment, for the rock salt structure, in
the pressure range up to 130 GPa. The general trend is the decrease
of the magnetic moment upon increasing the pressure. A moment
reduction of 1.14% is predicted upon applying a pressure of 80 GPa.
For the CsCl structure (not shown), a pressure of 100 GPa is needed
to make a moment reduction of 2%.Fig. 7. (a) The DOS of CsCl structure using the GGA approximation. The insert is zoom
approximation. The insert is zooming-in of an energy interval close to Ef. (c) The DOS o
interval close to Ef. (d) The DOS of RS structure using the LSDA approximation. The inseThe density of states, at ambient pressure in the GGA approxi-
mation for CsCl, NaCl, and ZB type structures are shown in
Fig. 7a–c, respectively. It is clear from these ﬁgures that there is
an energy gap in the spin-down channel in both of the ZB and NaCl
structures, which indicates their half-metallic character. On the
other hand, the CsCl structure is metallic at ambient pressure. On
contrast, by using the LSDA approximation, both of the RS
(Fig. 7d) and the CsCl (Fig. 7a) show a metallic behavior. The ZB
structure, however, preserved its half-metallic behavior in both
approximations. The band structure of RS is shown in Fig. 8 and
is consistent with the bands of Duan et al. [6] who had used both
the LSDA and LSDA+U approximations. The calculated energy gap
and other important quantities (e.g., lattice constant and bulk
modulus) are shown in Table 3. The bulk modulus, using the
GGA approximation is smaller by nearly (10 ± 3)% than that
obtained by the LSDA approximation. The bulk moduli, obtained
from the LSDA approximation are in good agreement with the
experiments [35]. The total magnetic moment is almost constant
for the three structures. The energy gap in the half-metallic ZB
structure is larger than the gap in the RS structure. We have
studied, in the GGA approximation, the energy gap dependence
on the pressure for the RS structure (Fig. 9). As we have seen in
Table 1, GdN in its RS structure is half-metallic at ambient pressure
with an energy gap of 1.037 eV. We have studied the effect of
applying a hydrostatic pressure on its half-metallicity state. Our
data is shown in Fig. 9, which indicates that pressure suppresses
half-metallicity rather rapidly, e.g., only 8 GPa is enough to reduce
the energy gap to zero. We have used the WIEN2K [31] package to
calculate both of the charge and spin density maps for GdN. The
spin density in the (110) plane for the ZB structure is shown in
Fig. 10a, in which the spin contours are evident around the Gd
atomic while the two nonmagnetic N atoms are void of such
contours. However the electron density plots (Fig. 10b) showing-in of an energy interval close to Ef. (b) The DOS of RS structure using the GGA
f ZB structure using the GGA approximation. The insert is zooming-in of an energy
rt is zooming-in of an energy interval close to Ef.
Fig. 8. The band structure of RS structure using the GGA approximation.
Table 3
The calculated lattice constant, magnetic moment, energy gap, electronic structure,
bulk modulus and its pressure derivative (a, GGA; b, LSDA approximations).
Calculation is done at ambient pressure.
GdN a (Å) m
(lB)
Gap (eV)
this work
Gap (eV)
[Ref.]
B0
(GPa)
B0 (GPa)
[Ref.]
B1 Elec.
state
RS 4.98a 7.00 1.037a 0.98 [10] 151.71a 192.13
(theo) [22]
3.87a H.Ma
4.88b 0.00b 172.90b 192 ± 35
(exp) [34]
3.84b Mb
ZB 5.3a 7.00 1.24a 1.8223 111.58a – 4.25a H.Ma,b
5.22b 1.01b 124.24b 3.8b
CsCl 3.025a 6.996 0.00a,b – 150.65a 204.6(theo)
[22]
4.38a Ma,b
2.95b 178.44b none(exp) 4.24b
Fig. 9. The energy gap dependence on the pressure for the RS structure using the
GGA approximation.
34 R.M. Shabara et al. / Results in Physics 1 (2011) 30–35charge contours at both Gd and N sites. This shows that the spin
magnetic moment of GdN is carried, solely, by the Gd atoms.Fig. 10. (a) The spin density map of the (110) plane of GdN, in ZB structure, using
the GGA approximation. (b) The electronic charge map of the (110) plane of GdN
in ZB structure using the GGA approximation.Conclusions
Our geometry-optimization calculation indicates that the
magnetic phases, of the three crystal structures of GdN, are more
energetically stable than their non-magnetic counterparts. Themost stable of the three phases, however, is the magnetic RS struc-
ture. Both of the LSDA and GGA approximation have predicted
R.M. Shabara et al. / Results in Physics 1 (2011) 30–35 35half-metallicity in the ZB structure; with an energy gap of 1.24 and
1.01 eV in the spin-down channel for both approximations respec-
tively. The total magnetic moment of ZB structure is 7 lB at ambi-
ent pressure. Our new data, of the spin density map of this phase,
supports our calculation that only Gd atom carries the spin mag-
netic moment of this compound. On the contrary, the electronic
structure of CsCl clearly shows the absence of any energy gap in
either spin direction; indicating the metallicity of this crystal struc-
ture. The rock-salt structure however, behaves differently in that it
exhibits half-metallicity in the GGA approximation, but shows
metallicity in the LSDA approximation. We have calculated the ef-
fect of the hydrostatic pressure on the electronic structure, mag-
netic moment, and on inducing possible phase transitions
between certain crystal structures of GdN. The energy gap, in the
half-metallic ZB structure, is larger than the gap in the RS structure.
The energy gap of the former structure diminished to zero by
increasing the hydrostatic pressure. The general trend is the de-
crease of the total magnetic moment upon applying pressure.
The predicted pressure- induced phase transitions are: RS to CsCl
at P = 113 GPa, ZB to CsCl at P = 23 GPa, ZB to RS at P = 9.4 GPa,
using the GGA approximation. The same aforementioned transi-
tions are predicted using the LSDA approximation, to take place
at somewhat different pressures, namely: 93, 15, and 12 GPa,
respectively. In our calculation, we considered the
4f-shell of the Gd atom as a semi-core level, and used both of the
LSDA and GGA approximations throughout our work. Our results,
which indicate the half-metallic behavior of GdN, are in a good
agreement with that of Refs. [5,6]. The calculated pressure induced
phase transition, from RS to ZB, agrees well with calculations of Ab-
delouahed et al. [23]. We have reported on some new results on
GdN, e.g., the spin and charge density maps of the RS structure of
GdN, the half-metallic behavior of GdN in the ZB phase; the energy
gap and magnetic moment dependence upon pressure and the
pressure-induced phase transitions, between three possible crystal
structures of GdN.
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